Objectives: This study was performed to explore the mechanism of proximal fibular osteotomy (PFO) for treatment of medial compartment knee osteoarthritis (OA) and evaluate the relevant factors influencing the treatment outcome. Methods: Fifty-two patients with medial compartment knee OA with varus deformities were prospectively selected. Radiographs were obtained preoperatively and postoperatively. Knee function and OA severity were evaluated using the Hospital for Special Surgery (HSS) knee score and the Kellgren-Lawrence (KL) score. Multivariable linear regression models were used to examine associations between increases in the HSS score and selected factors influencing knee OA. Results: Sixty-seven knee joints of 45 patients undergoing PFO were included. The HSS scores were significantly better at the final follow-up than preoperatively. Regression analysis identified five factors influencing changes in the HSS score: the change in the vertical distance between the fibular head and tibial plateau, the KL score for tibiofibular joint arthritis, the body mass index, the inclination of the tibiofibular joint, and the preoperative HSS score. Conclusions: PFO is a simple and effective procedure for medial compartment knee OA. Greater distal displacement of the fibular head suggests greater range of motion of the tibiofibular joint and more evident improvement of postoperative OA symptoms.
Introduction
Knee osteoarthritis (OA) is a common chronic, progressive, degenerative disease in older individuals. Knee varus deformities characterized by a mechanical femorotibial axis of <180 on full-leg standing anteroposterior radiographs and a narrowed medial joint space are common in patients with knee OA and affect 74% of patients with idiopathic OA. 1 High tibial osteotomy is a commonly accepted method for the treatment of knee varus deformities resulting from medial femorotibial OA in young and active patients. After high tibial osteotomy in several studies, all patients returned to work with the same intensity, and most resumed their sporting activities. 2, 3 However, because this is a technically demanding procedure, complications are common and include nonunion, neurovascular injury, implant irritation, and infection. 4 Additionally, we found that after removal of the proximal section of the fibula, patients with medial compartment knee OA showed greater improvement in lower extremity alignment, knee range of motion (ROM), and local pain at an early stage. 5, 6 Early rebalancing of the periarticular soft tissue and ligaments may play a significant role in symptom improvement. Therefore, we performed a prospective study to explore the mechanism and influencing factors of proximal fibular osteotomy (PFO) for the treatment of medial knee OA.
Materials and methods
This study obtained Institutional Review Board approval (No. Ke2014-004-1) and was conducted in accordance with the Helsinki Declaration. All patients agreed to participate in this study and provided written informed consent.
Study population
From March 2014 to May 2014, patients with OA in the medial compartment complicated with varus deformities of the knee were selected at the authors' hospital. A clinician diagnosed OA according to the American College of Rheumatology criteria. 7 The inclusion criteria were OA mainly involving the medial compartment of the knee joint (however, because some patients with combined mild patellofemoral arthritis and lateral compartment OA displayed medial compartment pain as a primary symptom, they were also included in the experimental study), medial compartment OA with a Kellgren-Lawrence (KL) score of >2 points, a knee joint with varus deformity and medial space narrowing, and provision of written informed consent to a surgical plan involving fibular osteotomy. The exclusion criteria were post-traumatic knee OA, inflammatory joint disease, or a history of previous operations or fractures. Patients who fit the inclusion criteria, for whom conservative management had failed, and who had radiographic evidence of significant varus of lower extremity alignment during weight loading were good candidates for fibulectomy.
Surgical procedure
Under epidural anesthesia, the patients were placed in the supine position with a lower limb tourniquet inflated. A 3-to 5-cm lateral incision was made at the proximal third of the fibula to avoid injury to the common fibular nerve and the tibial attachments of the soft tissue structures crossing the knee joint. The fascia was then incised parallel to the septum between the peroneus and soleus; the muscles were separated, and the fibula was exposed. A 2-cm section of the fibula was removed at the fibular neck 6 to 10 cm below the fibular head with an oscillating saw or a fretsaw. Following resection, the fibula ends were sealed with bone wax. After irrigation of the incision with a large volume of normal saline, the muscles, fascia, and skin were sutured separately. Postoperatively, the patients were ambulated as soon as pain could be tolerated. The patients were routinely ambulatory by the third postoperative day.
Follow-up and clinical evaluations
Anteroposterior and lateral radiographs of the knee joint and a full-length standing radiograph of both lower extremities were obtained preoperatively and at 3, 6, 12, 18, 24, and 36 months postoperatively. The severity of knee OA was evaluated using the KL score. 8 Knee pain was assessed using a visual analog scale. The Hospital for Special Surgery (HSS) knee score and ROM of the knee joint were used to evaluate knee function in all patients at baseline and at each follow-up visit.
On the basis of age, sex, height, weight, HSS score, and all imaging data mentioned above, the following nine factors potentially related to the outcome of fibulectomy were measured: body mass index (BMI), preoperative and postoperative HSS scores and the difference between them, tibiofemoral arthritis KL score, tibiofibular arthritis KL score, preoperative and postoperative femorotibial angle (FTA) of the lower extremity and the difference between them, inclination of proximal tibiofibular articulation, distance from the level of the fibular osteotomy to the top of the fibular head, length of the resected fibular section, and preoperative and postoperative distance from the top of the fibular head to the tibial plateau and the difference between them.
Statistical analyses
Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 21.0 (IBM Corp., Armonk, NY, USA). Continuous variables are expressed as mean AE standard deviation, and dichotomous variables are expressed as percentage. Repeated-measures analysis of variance was used to evaluate the presence of significant differences with regard to the values observed at different time points before and after surgery. An increased HSS score (score at 18 months postoperatively À preoperative score) served as the dependent variable, and the above evaluation indicators of experimental measurement served as independent variables. Univariate linear regression analysis was performed. Factors showing significant differences (P < 0.05) in the univariate analysis were further analyzed using a multiple linear regression model. A P value of <0.05 was considered statistically significant.
Results
Fifty-two patients (45 women and 7 men, mean age of 62.5 AE 6.7 years) with mainly medial compartment OA complicated with knee varus deformity were randomly selected from among all outpatients from March 2014 to May 2014. The mean BMI was 27.38 AE 4.24 kg/m 2 . Forty-five of these patients, representing a total of 67 lateral knee joints (35 right knees and 32 left knees), underwent PFO and were followed up for 36 months (during this time, 7 patients were lost to follow-up). The mean disease duration was 7.32 AE 4.51 years. None of the patients had received intraarticular injection or surgery within 6 months prior to enrollment in the study. The patients' characteristics are shown in Table 1 .
After the surgery, 8 of the 67 affected limbs presented with symptoms of superficial peroneal nerve injury. In these limbs, the skin of the distal lateral calf and the dorsal foot exhibited varying degrees of numbness. Among the 8 limbs with apparent superficial peroneal nerve injury, the symptoms of nerve injury had disappeared in 6 limbs at the 12-month follow-up and in the remaining 2 limbs at the 18-month follow-up. One affected limb showed constrained dorsiflexion of the ipsilateral big toe after the surgery, with a muscle strength grade of 1; this was combined with lateral skin numbness of the ipsilateral leg. The big toe dorsiflexion function of this patient returned to normal 6 months later, and the muscle strength grade was 5.
Evaluation of surgical treatment
The HSS knee score, ROM, and visual analog scale score of the 67 affected limbs were collected preoperatively and at 6 weeks, 3 months, 6 months, 12 months, 18 months, 24 months, and 36 months postoperatively. Knee symptoms and function were significantly improved during the 36-month follow-up period (P < 0.001) ( Table 2 ).
Linear regression analyses
An increased HSS score at 18 months postoperatively served as the dependent variable, and 10 influencing factors served as independent variables. These 10 independent variables were BMI, preoperative HSS score, tibiofemoral arthritis KL score, tibiofibular arthritis KL score, inclination of the proximal tibiofibular articulation (intersection angle with the horizontal plane), preoperative FTA of the lower extremity, changes in the FTA of the lower extremity at 18 months postoperatively, changes in the vertical distance between the top of the fibular head and the tibial plateau, distance from the resected plane to the fibular head, and length of the resected fibula. Univariate linear regression analysis was performed; the results are shown in Table 3 .
Univariate linear regression analysis showed that 5 of the 10 assessed factors had a statistically significant relationship with the outcome of fibulectomy (P < 0.05) (Table 3) : BMI, preoperative HSS score, proximal tibiofibular arthritis KL score, inclination of the proximal tibiofibular articulation (intersection angle with the horizontal plane), and change in the vertical distance between the top of the fibular head and the tibial plateau. These five factors were subsequently included in the multivariate linear regression analysis. This analysis resulted in values of R 2 ¼ 0.769, F ¼ 17.613, (Table 3) .
Discussion
The proximal tibiofibular joint (PTFJ), a sliding articular joint located between the lateral tibial condyle and the fibular head in the posterolateral corner of the knee, serves as the attachment for numerous tendons and ligaments that are integral to knee structure and function. As a micro-joint, the PTFJ can produce relative movement between the tibia and the fibula in any direction. 9, 10 When the fibula is taken as a whole, the ROM of the PTFJ is limited by the distal syndesmosis and the interosseous membrane. Even when the knee is flexed, the proximal tibiofibular articulation can be moved approximately 1 cm in both the anterior and posterior directions.
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Some authors have noted that the posterolateral structure of the knee plays an important role in the balance of the periarticular soft tissue. 12 Most ligament insertions involve the fibular head; these insertions include those of the lateral collateral ligament, arcuate ligament, fabellofibular ligament, popliteofibular ligament, and popliteus tendon. 13 LaPrade et al. 14 reported that the above-mentioned structure helps to transmit the lateral tensile force generated by knee joints that are load-bearing to the fibular head, thus affecting forces on the proximal tibiofibular articulation and its activities.
In reviewing the musculature of the lower extremity, it is important to note that the flexor hallucis longus, extensor digitorum longus, peroneus longus, peroneus brevis, tibialis posterior, and soleus all contain some fibers originating from the proximal fibula. 15 We believe that the soleus and peroneus longus are two of the strongest muscles in the above-mentioned list and that they may provide most of the tensile force on the proximal fibula.
After patients underwent partial PFO, the proximal fibula that remained was no longer subject to constraints from the distal fibula and the tibiofibular syndesmosis, increasing the relative ROM of the PTFJ. Muscles attached to the proximal fibula, such as the soleus and peroneus longus, pulled the fibular head in the distal direction, and the tensile force was simultaneously transmitted from the posterolateral structure that ended at the fibular head to the lateral femoral condyle. Therefore, the lateral knee joint space was narrowed to counteract knee varus deformities resulting from load bearing, thereby reducing the pressure on the medial compartment of the knee and relieving the patients' medial knee pain. According to the above principle and coupled with a measurement index of variables showing multiple linear correlations with a surgical outcome, the clinical significance was elucidated as follows.
In patients with progressive knee OA and varus deformities, the posterolateral structure is pulled under a tensile force in response to a widened lateral space of the knee. The structure, including the lateral collateral ligament, will transmit the tensile force to the fibular head at the tendon insertion points. Therefore, during load-bearing activities of the knee joint such as standing and walking, knee varus imposes stress on the PTFJ. 16 After the proximal section of the fibula was resected in the present study, the muscles attached to the proximal fibula produced tensile force transmitted by the fibular head to the lateral femoral condyle to counteract the knee varus. The greater the displacement of the fibular head as it was pulled distally, the more the varus deformities were corrected, the more evidently the medial compartment was decompressed, and the more significant the improvement that was observed in the postoperative results (Figure 1) , showing a positive linear correlation (P < 0.05, regression coefficient ¼ 15.198).
Tibiofibular arthritis is the main factor limiting the relative activity of the tibiofibular joint. Eichenblat and Nathan 16 found that medial compartment knee OA was statistically correlated with tibiofibular joint OA in a cadaver study. Oztuna et al. 17 found that proximal oblique-type tibiofibular articulation was more vulnerable to joint degeneration and that its severity was closely related to the severity of tibiofemoral arthritis. Therefore, PTFJ arthritis should be carefully evaluated prior to the treatment of knee OA; the higher the OA score, the smaller the postoperative displacement that the fibular head produces in a distal direction and the smaller the improvement in the HSS score. In the present study, when tibiofibular arthritis progressed into stage IV (serious articular surface damage or even fusion), almost no distal displacement was observed in the proximal fibula after surgery. Additionally, a significant improvement in the HSS score was not observed; in fact, the HSS score may have even decreased. Thus, the tibiofibular arthritis score was negatively correlated with HSS improvement (P < 0.05, regression coefficient ¼ À7.199).
Stickles et al. 18 demonstrated that obesity is an adverse factor in OA treatment. Weight gain in patients with knee varus will increase the pressure applied to the knee medial compartment. After an osteotomy, the muscles of the proximal fibula need to produce a larger traction force to counteract knee varus deformities resulting from load bearing. Therefore, the BMI was negatively correlated with improvement in the postoperative results (P < 0.05, regression coefficient ¼ À0.675).
Ogden 11 classified tibiofibular joints into two types: horizontal (<20 joint inclination) and oblique (>20 joint inclination). Oblique-type joints are thought to be more prone to joint instability. 19 Our data showed that an increase in the inclination angle of the tibiofibular joint resulted in an increased postoperative HSS score (P < 0.05, regression coefficient ¼ 0.562). A larger inclination angle of the tibiofibular joint may lead to a relatively larger ROM; thus, postoperatively, the fibular head has more potential to move in a distal direction, which may assist the muscles attached to the proximal fibula in pulling the lateral femoral condyle to counteract knee varus deformity.
The severity of preoperative symptoms showed certain negative correlations with improvements in the curative effect (P < 0.05, regression coefficient ¼ À0.474), although no obvious effect was observed in terms of improvement in postoperative symptoms. A better preoperative score was more likely to lead to a better curative effect, but the score did not improve significantly. The severe symptoms and lower HSS scores presumably led to greater functionality and improved scores, although these scores were not as high as the preoperative scores in patients with mild symptoms. These results are in agreement with previous reports. 20 Close attention is needed to avoid potential peroneal nerve injury during surgery. In the present study, 8 of the 67 (11.94%) affected limbs showed superficial peroneal nerve injury, and 1 (1.49%) had common peroneal nerve injury. To reduce iatrogenic injury to the peroneal nerve, we recommend the posterolateral approach, which passes the space between the fibula longus muscle and the soleus muscle to expose the proximal fibula.
The limitations of this study include its lack of a control group and the possibility of bias due to the relatively small sample size. Further clinical trials and biomechanical studies are needed to validate the results.
Conclusions
The findings of this study suggest that PFO is a simple and effective procedure for the treatment of medial compartment knee OA. The surgical outcome of medial compartment OA depends on the severity of the tibiofibular joint OA and shows a linear correlation with the patient's BMI, the inclination of proximal tibiofibular articulation, and preoperative knee function. In general, a greater distal displacement generated by the fibular head suggests better ROM of the tibiofibular joint and more obvious improvement in postoperative symptoms.
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